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Genome-wide association studies as well as murine models
have shown that the interleukin 23 receptor (IL23R) pathway
plays a pivotal role in chronic inflammatory diseases such as
Crohn disease (CD), ulcerative colitis, psoriasis, and type 1 dia-
betes. Genome-wide association studies and targeted re-se-
quencing studies have revealed the presence of multiple poten-
tially causal variants of the IL23R. Specifically the G149R,
V3621, and R381Q IL23Ra« chain variants are linked to protec-
tion against the development of Crohn disease and ulcerative
colitis in humans. Moreover, the exact mechanism of action of
these receptor variants has not been elucidated. We show that
all three of these IL23Ra variants cause a reduction in I1L23
receptor activation-mediated phosphorylation of the signal-
transducing activator of transcription 3 (STAT3) and phos-
phorylation of signal transducing activator of transcription 4
(STAT4). The reduction in signaling is due to lower levels of cell
surface receptor expression. For G149R, the receptor retention
in the endoplasmic reticulum is due to an impairment of recep-
tor maturation, whereas the R381Q and V362I variants have
reduced protein stability. Finally, we demonstrate that the
endogenous expression of IL23Ra protein from V3621 and
R381Q variants in human lymphoblastoid cell lines exhibited
lower expression levels relative to susceptibility alleles. Our
results suggest a convergent cause of IL23R« variant protection
against chronic inflammatory disease.
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Interleukin 23 receptors (IL23Rs) have been implicated in
chronic inflammatory diseases through their role in initiating
the differentiation of helper T cells (Th17). The Th17 pathway
is important to control acute microbial infections (1-3), and
deregulation of the pathway results in inflammatory bowel dis-
ease (IBD)? (4—6). IL23R is expressed in specific subsets of T
cells as well as other immune cells (7). Cells that express the
IL23R polypeptide chain do not express IL12R32, which is also
a partner for IL12RB1 forming the interleukin 12 receptor
(IL12R) (7). Recently, evidence has been presented that IL23R
in type 3 innate lymphoid cells is involved in development of
colitis through IL23 signaling (8). It is thus essential to under-
stand how IL23Ra-protective variants affect IL23 signaling as
evidence to support development of therapeutic strategies for
IBD. To avoid confusion due to the nomenclature that denotes
the IL23R heterodimer receptor from the individual chains, in
this report the chain distinct to IL23R will be denoted as IL23R«
and the heterodimer denoted as IL23R. IL23R signals through
the interaction between two receptor chains, IL23Ra and
IL12RB1, and together signals by binding I1.23 cytokine (9, 10).
IL23R« constitutively interacts with Janus kinase 2 (JAK2).
Binding of IL23 by IL23R results in activation of JAK2 and
subsequent phosphorylation of the IL23R followed by
recruitment of STAT3 and STAT4 and their phosphoryla-
tion (9). Phosphorylated STAT3 and STAT4 both form
homodimers that translocate to the nucleus to transcribe
proinflammatory cytokines. The increase in transcription of
proinflammatory cytokines leads to differentiation of CD4+
T cells into Th17 cells resulting in inflammation (11, 12).
Multiple evidence suggests that IL23R may play a pivotal role
in chronic inflammation (13-16).

Genome-wide association studies have identified potential
biological pathways that are responsible for disease establish-

2 The abbreviations used are: IBD, inflammatory bowel disease; IL12R, inter-
leukin 12 receptor; CD, Crohn disease; ER, endoplasmic reticulum; Endo H,
endoglycosidase H; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide; vYFP, Venus YFP; aa, amino acid(s); Rluc PCA, Renilla lucifer-
ase protein-fragment complementation assay; BFA, brefeldin A; RFP, red
fluorescent protein; EpoR, erythropoietin receptor; APP, amyloid precursor
protein; ANOVA, analysis of variance.

JOURNAL OF BIOLOGICAL CHEMISTRY 8673


http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M116.715870&domain=pdf&date_stamp=2016-2-17

Loss of Function for IL23R-protective Variants

ment and pathogenesis (17-20), and the IL23R gene was
reported to show strong association (susceptibility or protec-
tion) with IBD (18, 21-23). IL23R-protective coding variants
such as R381Q were identified by genome-wide association
studies (24), whereas G149R and V3621 were identified by
targeted re-sequencing (20). Four notable studies were per-
formed on IL23R variants discovered in genome-wide asso-
ciation studies to gain insight on the role of these variants.
One study reported that a risk variant for CD and ulcerative
colitis located in the 3’-untranslated region lost its binding
to microRNA, Let7f, and thereby its deregulation led to an
increase in mRNA and protein levels of IL23Ra. This sug-
gests that the deregulation of IL23R« expression could lead
to a hypersensitivity of the IL23R and resultant overstimula-
tion of the IL23R-activated signaling pathway (25). In con-
trast, an IL23R« variant that has been studied in some detail
is R381Q and is predicted to be a protective variant. Three
studies reported that this variant results in a loss of function
because cells expressing this variant show reduced levels of
phosphorylated STAT3 and consequently reduced produc-
tion of proinflammatory cytokines with reduced Th17 effec-
tor functions (26 -28).

In this study we sought to identify the biochemical mecha-
nisms by which IL23R variants may provide protection against
IBD. The IL23R variants are positioned within distinct domains
of the folded receptor. R381Q is found in the C-terminal cyto-
plasmic portion, V3621 is in the transmembrane region, and
G149R is in the extracellular domain of the receptor, suggesting
that these variants will have distinct biochemical properties.
We show here that IL23Ra R381Q and V362I variants have
lower protein stability leading to reduced expression levels,
whereas the G149R variant is retained in the endoplasmic retic-
ulum (ER) as unfolded polypeptides.

Experimental Procedures

Antibodies and Reagents—IL23 was purchased from R&D
Systems, and IL23R antibody was purchased from Abcam.
Antibody to IL12R31 was purchased from Santa Cruz Biotech-
nology, and antibody toward the FLAG tag was purchased from
Sigma. Antibodies to detect ER stress proteins, phosphorylated
STAT3 (Tyr-705), STAT3, phosphorylated STAT4, STAT4,
and a-tubulin, purchased from Cell Signaling Technology.
Transfection reagents such as X-treme gene transfection re-
agent were purchased from Roche Applied Science, and the
TransIT-HeLa MONSTER transfection kit was purchased
from Mirus Bio. Chemical compounds such as cycloheximide,
brefeldin A, and tunicamycin were purchased from Sigma.
Reagents for glycosidase experiments such as Endo H, peptide
N-glycosidase F, and neuraminidase were purchased from New
England BioLabs. Nuc Blue live cell stain (Hoechst 33342), Cell
light ER-RFP (BacMam 2.0), and MTT were purchased from
Molecular Probes by Life Technologies. Alexa Fluor 647 mouse
IgG was purchased from Molecular Probes by Life
Technologies.

Plasmid Construction—cDNAs coding for IL23Ra and IL12RB1
were amplified from pCDNA3.1IL23Ra and pCDNA3.
1IL12RB1 (the Dr. Rioux laboratory). To generate IL23Ra-pro-
tective variants, pPCDNA3.1IL23Ra was used as template, and
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the QuikChange method was performed as described by the
manufacturer of the QuikChange II site-directed mutagenesis
kit (Agilent Technologies) to create pPCDNA3.11L23RaR381Q,
-G149R, and -V362I. To account for transfection efficiency and
to approximate the expression levels of the receptors, we
decided to insert fluorescent proteins Venus YFP (vYFP) and
mPlum (mRFP) downstream of an IRES sequence found in
the pLpC binary vector as described previously (29). The
pCDNA3.1 carrying the cDNA to IL23R« and variants was
used as the template to PCR-amplify and subclone into Pacl/
Clal restriction sites found pLpC + Venus retroviral vector
to generate pLpCIL23Ra+VvYFP, pLpCIL23RaR381Q+VvYEP,
pLpCIL23RaG149R+VYFP, pLpCIL23RaV362I+VvYEP. To
construct pLpCIL12RB1+mPlum, the pCDNA3.1IL12RB31
was used as a template to PCR-amplify and subclone into
Pacl/Clal restriction sites of pLpC +mPlum vector. These
vectors were used to generate stable cell lines in HEK293.

To generate N-terminal tagging of IL23Ra with 3XFLAG
tags, first, 5'-phosphorylated oligonucleotides that correspond
to the signal peptide of IL23R« was annealed followed by sub-
cloning into the BamHI/Pacl restriction site of pLpC+vYFP
vector to create pLpCSP+vYFP. Next, the cDNA correspond-
ing to IL23R« and its variants were PCR-amplified from their
corresponding pCDNA3.1 templates using primers specific for
3XFLAG and IL23R« and subcloned into Pacl/Clal restriction
sites found in pLpCSP+ Venus vector.

For generation of constructs to be used in a Renilla luciferase
Protein-fragment Complementation Assay (Rluc PCA), first,
Rluc F[1] and F[2] fragments were PCR-amplified from pCDNA3.
1Reg-F[1] and pCDNA3.1Cat-F[2] (30) using primers that con-
tain the sequence to encode a 5-amino acid GGGGS amino acid
sequence (5-aa linker) followed by the sequence of Rluc F[1]
and F[2]. The resulting PCR fragments were subcloned into
NotI/Xbal sites in pCDNA3.1 to create pCDNA3.1- 5aa-F[1]
and pCDNA3.1-5aa-F[2], respectively. To construct 10- and
20-aa linker fusions to F[1] and F[2], first Rlzzc F[1] and Rluc F[2]
fragments were PCR-amplified from the templates mentioned
above and subcloned into Xhol/Xbal sites found in pCDNA3.1
to create pPCDNA3.1R/uc-F[1] and pCDNA3.1R/uc-F[2]. After
this, oligonucleotides that encode 2X GGGGS and 4 X GGGGS
sequences were 5’-phosphorylated and then annealed and
ligated into Notl/Xhol sites found in pCDNA3.1R/uc-F[1] and
pCDNA3.1RIuc-F[2] to create vectors that carry both F[1] and
F[2] fragments with 10- and 20-amino acid linkers upstream to
it. Finally, to create Rluc fusions to IL23Ra and IL12RB1, prim-
ers were designed to amplify the sequence coding for the N
terminus of both receptors until the end of the transmembrane
region using the pCDNA3.11L23Ro and pCDNA3.1IL12R31 as
templates followed by subcloning into Nhel/Notl site of
pCDNA3.1-5aa-F[2] and pCDN3.1-5aa-F[1] to construct
pCDNA3.1IL23Raext-5aa-F[2] and pCDNA3.1IL12RS31ext-
5aa-F[1]. The same strategy was used for construction of IL23R
Rluc PCA reporter vectors containing 10- and 20-aa linkers.
The cDNA for full-length of IL23Ra and IL12RB1 was PCR-
amplified using the templates mentioned above and subcloned
into Nhel/NotI sites found in pCDNA3.1-10aa-F[2] and
pCDNA3.1-10aa-F[1] to construct pCDNA3.11L323Ra-F[2]
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and pCDN3.1IL12RB1-F[1]. The IL23Ra variant fusions to
Rluc F[2] were constructed in a similar fashion.

For generation of C-terminal vYFP tagging of IL23Ra
(pCDNA3.1IL23Ra-Venus) and its variants, first, oligonucleo-
tides that encode the 2X GGGGS sequence were 5'-phosphor-
ylated and annealed followed by ligation into NotI/Xhol restric-
tion sites of pCDNA3.1 vector to create the pCDNA3.110aa
construct. The coding sequence of IL23Ra common and pro-
tective variants were PCR-amplified followed by subcloning
into Nhel/NotI restriction sites of the pCDNA3.110aa con-
struct to create the pcDNA3.1IL23R@10aa and the variant
derivative constructs. Finally, the pPCDNA3.11L23R« and vari-
ants constructs were digested using Xhol/Xbal restriction
enzymes followed by ligation of DNA sequence coding for
Venus fluorescent protein that was PCR-amplified from
pLpC+Venus construct.

Cell Culture—Stable cell lines were generated from HEK293
cells using pLpC retroviral vector as described elsewhere
(31). Both HEK293 cell lines and HeLa cells were maintained
in DMEM supplemented with 10% FBS, penicillin (100 units/
ml), and streptomycin (100 units/ml), and for propagation
of stable cell lines, puromycin at 2.5 pug/ml was added.
Human lymphoblastoid cell lines were obtained from the
NIDDK, National Institutes of Health Central Repository
(www.niddkrepository.org) and had been generated by the
NIDDK Inflammatory Bowel Disease Genetics Consortium
(IBDGC) study. These lymphoblastoid cell lines were main-
tained in RPMI with 20% FBS, penicillin (100 units/ml), and
streptomycin (100 units/ml). All cell lines were propagated
at 37 °C and 5% CO,.

Rluc PCA—RIuc PCA was performed as described previously
(30). HEK293 cells grown in 6-well plates were transfected with
pCDNA3.1 constructs encoding IL23Ra Rluc F[2] fusion and
IL12RB1 Rluc F[1] fusions. After 24 h of transfection, cells were
harvested, washed with PBS, and resuspended in 500 ul of
DMEM minus phenol red. Approximately 100,000 cells were
transferred to 96-well white-walled plates (Corning), and after
the addition of benzyl-coelenterazine (5 uMm, Nanolight) to the
cells; bioluminescence was monitored by using the LMaxIl,g,
luminometer (Molecular Devices). For detection of receptor
activation by IL23, the cells were treated with IL23 per 96-well
for 10 min before the addition of benzyl-coelenterazine and
measurement of luminescence.

STAT3 and STAT4 Activation Assays—To study the biolog-
ical importance of IL23R« variants, STAT3 phosphorylation
experiments were performed as reported recently (32). Briefly,
pLpCIL23Ra + vYFP or variants of IL23R« and pLpCIL12R31
+ mPlum was transfected into HeLa cells at ~70% confluence
using Trans-IT HeLa Monster transfection reagent. The next
day the cells were washed three times with PBS, followed by
overnight growth in DMEM without (FBS) serum. After over-
night serum starvation, IL23 was added to the cells for 30 min
followed by preparation of cell lysate and Western blotting.
Antibodies against pSTAT3 (1/1000 dilution), STAT3 (1/5000
dilution), IL23Ra (1/100 dilution), and IL12RB1 (1/2500 dilu-
tion) were used in Western blotting. To probe for phosphory-
lation of STAT4, STAT4 cDNA (pLSV-STAT4, the Dr. Rioux
laboratory) was co-transfected along with IL23Re and IL12R1
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into HeLa cells, and activation experiments were performed by
the same procedure used to measure STAT3 activation. Anti-
bodies against pSTAT4 (1/1000 dilution) and STAT4 (1/5000
dilution) were used in Western blotting.

Western Blotting of Cell Lysates—Generally, after cells were
harvested, the cell pellet was lysed in 250 mm Tris-HCI, pH 6.8,
5% SDS containing protease inhibitors (Roche Applied Sci-
ence). The cell lysate was boiled for 10 min and centrifuged to
remove any traces of cell debris, and the supernatant was used
to quantify total protein concentration by BCA (Pierce). Equal
amounts of proteins were separated on SDS-PAGE after West-
ern blotting using antibodies specific to the protein of interest.
The membrane was blocked with 5% skim milk in TBS-T (10
mM Tris-HCI, pH 8.0, 150 mm NaCl, 1% Tween 20) and probed
with primary and the corresponding secondary antibodies
(anti-mouse-HRP and anti rabbit-HRP) in 5% skim milk in
TBS-T.In the case for STAT4 and pSTAT4 antibodies, both the
primary and secondary antibodies were diluted in TBST with
5% BSA. After both primary antibody (1 h at room temperature
or overnight at 4 °C) and secondary antibody incubation step (1
h at room temperature), the blots were washed three times with
TBS-T followed by detection using the chemiluminescent
detection reagent (Luminata Forte, Millipore). This procedure
was followed for analysis of cell lysates from all cell lines used in
this study (HEK293 and HeLa; NIDDK) unless otherwise
stated. For stability experiments, 500 uM cycloheximide was
added to HEK293 cells that stably expressed IL23R« and its
variants at ~80% confluency for 0, 0.5, 1, 2, and 4 h. Cell lysates
from the stability experiments were analyzed by Western
blotting as described here using IL23Ra antibody at 1/1000
dilution. Similarly, brefeldin A (BFA; 1 pug/ml) or tunicamy-
cin (1 pg/ml) treatment of HEK293 cells stably expressing
IL23Re and its variants for 5 h at 37 °C with 5% CO, was
followed by preparation of cell lysates and analyzed by West-
ern blotting as described here. For analysis of the rate of
IL23Re synthesis, cycloheximide was added to cells at 500
M as stated before followed by incubation at 37 °C with 5%
CO, for 4 h. After this, the cells were washed with PBS to
remove cycloheximide, and then the cells were incubated for
the indicated times at 37 °C with 5% CO,. After specified
time points, (0, 30, 60, 120, and 240 min) the cells were
harvested, and the cell lysates were subjected to SDS-PAGE
and Western blotting for IL23Re.

Glycosidase Digestion of IL23Ra—HEK293 cells stably ex-
pressing IL23Ra and its variants were lysed with Nonidet buffer
(50 mm Tris-HCI, pH 7.4, 150 mm NaCl, 1% Nonidet P-40)
containing 0.5% SDS, 0.04 M DTT, and protease inhibitors as
described elsewhere (33). Briefly, the lysate was boiled for 10
min, and the supernatant containing soluble proteins (40 ug
of total protein) were digested with either Endo H (1000
units) or with peptide N-glycosidase F (1000 units) and
neuraminidase (100 units) at 37 °C for 16 h. SDS-PAGE and
Western blotting of the digested products were conducted as
described above.

Immunofluorescence and Confocal Microscopy—For all mi-
croscopy, HEK293 cells were seeded onto 96-well black, clear
glass-bottom plates (MGB101-1-2-LG, Matrical Bioscience)
followed by transfection using X-treme GENE reagent. Plas-
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mids constructs harboring N-terminally 3XFLAG-tagged
IL23Re and its variants (e.g pLpCSP-3XFLAGIL23Ra+vYFP)
were transfected, and the following day the cells were prepared
for immunofluorescence as described elsewhere (34, 35). The
cells were washed with ice-cold PBS followed by gentle fixation
by 15 min of incubation on ice with 1.25% formaldehyde. After
removal of the formaldehyde and washing with PBS, the cells
were blocked with 5% goat serum in PBS for 30 min. After the
blocking step, the cells were incubated with FLAG-tag antibody
(mouse, 1/100 dilution) diluted in 3% skimmed milk for 2 h at
room temperature or overnight at 4 °C. The cells were washed
with PBS followed by incubation with Alexa Fluor 647 goat
anti-mouse (1/100 dilution) diluted in 3% skimmed milk for 1 h
at room temperature. The cells were then washed with PBS
followed by confocal imaging using an INCell 6000 confocal
microscope (GE Healthcare). Cells were imaged in PBS with
NucBlue stain (2 drops/ml of PBS) for nuclear staining. For
detection of the nucleus, cells were excited at 405 nm, and emis-
sion was measured at 455/50 nm; to detect membrane bound
receptors, cells were excited at 642 nm, and emission was mea-
sured at 706.5/70 nm. To control for transfection and to nor-
malize for expression level of IL23R« and its variants, vYFP
fluorescence was imaged at 488-nm excitation and 525/20-nm
emission wavelengths. Images were processed using Meta-
morph software (version 7.5.3, MDS Analytical Technologies).
Images were thresholded followed by creation of binary masks.
The binary masks were used in integrated morphometry anal-
ysis to quantify the total average fluorescence intensity of the
population of cells in the field of view.

For detection of IL23Ra-vYFP fusions, HEK293 cells were
transfected with pCDNA3.11L23Ra-vYFP or its variants, and
6 h after transfection cells were incubated with BacMam 2.0
ER-REFP viruses (Life Technologies), which encode the ER sig-
nal peptide fused to the red fluorescent protein (RFP) to mea-
sure co-localization between IL23Ra and ER. The cells were
maintained in DMEM minus phenol red, NucBlue stain was
added (2 drops/ml), and image acquisition was performed
using INCell6000 (GE Healthcare) as stated above. To detect
the RFP, cells were irradiated at 561-nm excitation and
detected at 605/52-nm emission. Image analysis was per-
formed using Metamorph software (version 7.5.3, MDS Ana-
lytical Technologies). To quantify the level of IL23Ra
retained in the ER, the fluorescent images from ER localiza-
tion was thresholded, and binary masks were generated to
identify the ER, which were then used in integrated mor-
phometry analysis to measure the fluorescent intensities
from vYFP fluorescent proteins that are C-terminally tagged
to the IL23Ra. The ratios between the total IL23R« levels
and ER retained were calculated.

Results

IL23R Quaternary Structure and Activation Is Similar to
Erythropoietin Receptor (EpoR)—IL23R is grouped under cyto-
kine class I receptor superfamily, which also includes EpoR.
Both receptors contain the WSXWS motif in the extracellular
N-terminal domain, a single transmembrane hydrophobic
domain, and a cytoplasmic C-terminal domain. Binding of Epo
was shown to induce a scissor-like conformational change at
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the interface of the EpoR dimer that bring together JAK2
kinases associated with the EpoR cytosolic domains to allow for
cross-phosphorylation and activation (Fig. 14) (36, 37). IL23R
is composed of IL23Ra and IL12RB1. Heterodimerization of
these two chains is essential to IL23R activation by IL23, and we
hypothesize that the receptor is activated in the same manner as
EpoR. To test this hypothesis, we used a Rluc PCA as a molec-
ular ruler to measure heterodimer dynamics (Fig. 14, middle
and bottom) (36). Briefly, we fused cDNA coding for the IL23R«
and IL12RB1 chains to those coding for Rluc complementary
N- and C-terminal fragments separated by sequences coding
for 5, 10, or 20 amino acid (20 aa) peptide linkers composed of
the 5-aa repeats of GGGGS (Fig. 14). Our reasoning was that
linkers of 5 aa would not be long enough for the Rluc fragments
to associate and fold in the inactive form of the receptor dimer,
where the C termini of the receptor chains are separated by ~70
A, but would be separated by ~40 A in the active dimer (Fig. 14,
middle; assuming the length of a peptide bond is ~4 A, two 5-aa
peptides could traverse a maximum distance of ~28 A). Rluc
PCA signal for the 5-aa linker was increased 4-fold after IL23
treatment but not with constructs with 10- or 20-aa linkers,
consistent with what we observed with EpoR (Fig. 1B) (36). We
also showed that IL23Ra and IL12RB1 interact with their cog-
nate kinases JAK2 and TYK?2, respectively (Fig. 1C). Finally and
consistent with the EpoR activation model, when JAK2 and
TYK2 were expressed as fusions to the Rluc PCA reporter frag-
ments along with their respective IL23Ra and IL12R 31 binding
partners, the Rluc signal increased in cells treated with IL23
(Fig. 1D) (36).

IL23R Activation Is Reduced in Protective Variants—Having
established that IL23R complex structure and activation is sim-
ilar to that of EpoR, we now assessed the effects of sequence
variants of IL23Ra on IL23-induced receptor conformation
change. IL23Ra-protective variants are located at three distinct
sites: the G149R change is found in the extracellular domain of
the receptor, whereas the V362l change is located within the
transmembrane domain, and the R381Q change is located at
the C terminus of the receptor five amino acids from the trans-
membrane domain. We found that the IL23Ra variants re-
tained their ability to interact with IL12RS1; however, the
extent to which they are induced by IL23 was reduced com-
pared with the common variant (Fig. 1E). Finally, interactions
of IL23Ra to IL12R31, JAK2, and to TYK2 were comparable for
all variants (Fig. 1, F, G, and H).

Protective Variants of IL23Ra All Result in Reduced IL23R-
activated STAT3 and STAT4 Phosphorylation—STAT3 is a pri-
mary effector of IL23R signaling, and to investigate IL23-depen-
dent STAT3 phosphorylation, we co-transfected HeLa cells
with a plasmid encoding the cDNA for IL23R« or its variants
together with a plasmid encoding the cDNA for IL12R1 (32).
After serum starvation, we measured IL23-induced STAT3
phosphorylation (pSTAT3). Cells expressing the protective
R381Q, G149R, and V3621 variants showed reduced pSTAT3
levels compared with cells expressing the common variant (Fig.
2, A and B). Transfection of HeLa cells with only IL12RB1 or
together with IL23Re, but without IL23, did not show signifi-
cant STAT3 phosphorylation (Fig. 34). Western blotting with
antibodies specific to both IL23Ra and IL12RB1 confirmed
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FIGURE 1. Characterization of IL23R activation mechanism model. A, schematic representation of allosteric IL23R activation. IL23R exists as a heterodimer
before interaction with IL23 cytokine similar to the EpoR receptor (36, 62). The extracellular domain exists in a conformation that keeps the intracellular
domains and associated JAK2 and TYK2 separated from each other by ~70 A. Upon binding to IL23, the extracellular dimer is reorganized and brings the
intracellular cytoplasmic domains within ~ 40 A of each other, allowing for interaction between and activation of their associated kinases. For identification of
IL23R activation mechanism, the extracellular and transmembrane domains of IL23R and IL12RB31 are fused to Renilla luciferase (Rluc) complementary N- and
C-terminal fragments, Rluc F[1] and F[2], via flexible linkers consisting of 1, 2, or 4 five-amino acid repeats to generate the following: IL23R and IL12R31 fused
to 5-, 10-, and 20-amino acid linkers that are in turn fused to the Rluc fragments. HEK293 cells transfected with these receptor fusions and PCA were detected
by measuring the luminescence. When the receptors are fused via a 5-aa linker, folding of the Rluc reporter protein from the fragments only occurs for the IL23
hormone-bound active form of the receptor dimer. If receptors fused to Rluc fragments via 10- or 20-aa linkers, Rluc reporter protein can fold from the
fragments in either inactive or active dimer conformations. The structural model of Renilla luciferase was rendered using information from 2pSj.pdb (63) using
PyMOL 1.3. B, Rluc enzyme assay detected the IL23R activation in HEK293 cells. Cells were co-transfected with IL23Raand IL12RB1 fused to Rluc PCA fragments
via various linker lengths. The next day the cells were incubated with and without 100 ng of IL23 cytokine followed by measurement of Rluc enzyme activity
using benzyl coelenterazine as the substrate and detection using a luminometer. The signal is expressed as relative light units (RLU). C, Rluc PCA reveals the
interaction between IL23Ra and their subunits and their associated kinases (JAK2 and TYK2). HEK293T cells were transfected with pCDNA3.1 harboring the
cDNA of full-length IL23R receptor subunits and the kinases JAK2 and TYK2 fused to Rluc fragments to detect the interaction as measured by PCA (RLU) of Rluc.
D, JAK2 and TYK2 association in the presence of IL23 binding to IL23R was detected by Rluc PCA. Rluc fragments were fused to JAK2 and TYK2 and were
co-transfected in HEK293T cells stably expressing IL23R subunits followed by measuring Rluc luminescence. Statistical significance denoted by the asterisk (*)
was calculated by Student's t test, where p < 0.05. E, IL23Ra variants show the reduction in activation by IL23. IL23Re, its, variants and IL12R31 were fused to
Rluc fragments to detect activation by IL23 (10 ng/ml), and luminescence was measured as in B. The change in RLU between cells not treated and treated with
IL23 was calculated, and activation was thus observed as a function of change in RLU. Statistical significance denoted by the asterisk (*) was calculated by
ANOVA, where p < 0.01. F, G, and H, IL23Ra variants retain their ability to interact with IL12RB1, JAK2, and TYK2. IL23Ra and variants Rluc fragment 2 (F[2])
fusions were co-transfected with either IL12RB1 fused to Rluc fragment 1 F[1], IL12RB1 F[1] (F), JAK2 F[1] (G), and TYK2 F[1] (H), and reconstitution of Rluc
enzyme activity was measured to assess their interaction. Rluc enzyme activity (RLU) is expressed as percentage relative to IL23Ra. Data and S.D. are represen-
tative of three independent experiments.

expression of both receptor subunits (Fig. 3B). Furthermore, we
investigated the effects of IL23R variants on IL23-mediated
STAT4 signaling as several studies have demonstrated that
IL23R subunits activate STAT4 in response to IL23 (9, 10, 38).
To this end we co-transfected HeLa cells with cDNA of STAT4
with plasmid encoding the cDNA for IL23R« or its variants
together with a plasmid encoding the cDNA for IL12RB1. The
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same experimental setup was followed as stated above for
STAT3 signaling. We found that the variants show reduced
STAT4 phosphorylation levels compared with the common
variant (Fig. 2, E and F). The reduction in signaling corroborates
well with the reduced activation in protective variants by IL23
(Fig. 1E). We, therefore, turned to questions of receptor matu-
ration and expression.
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FIGURE 2. IL23Ra protective variants R381Q, G149R, and V362l display reduction in IL23R signaling. A, Hela cells were co-transfected with
plasmids carrying IL23Ra or variants and IL12RB1. After washing with PBS to remove media and overnight growth in serum-free medium, transfected
cells were incubated with or without IL23 (15 ng/ml) for 30 min. Cell lysates were subjected to SDS-PAGE followed by Western blotting with antibodies
specific to phospho-STAT3 (pSTAT3) and STAT3. Representative blots from three independent experiments are shown here. B, corresponding densi-
tometry of the levels of pSTAT3 in IL23Ra and IL23Ra variants obtained from Western blots above. The signal of pSTAT3 detected on Western blot was
measured as pixels using ImagelJ 1.46r (National Institutes of Health) and were further normalized to levels of total STAT3. Data and S.D. are represen-
tative of three independent experiments. Statistical significance calculated by ANOVA is denoted by the asterisk (*), where p < 0.01 is compared with
IL23Ra; however, R381Q was significantly different from V362I, with a p < 0.05. C, HeLa cells were co-transfected with plasmids carrying STAT4, IL23R«
orvariants,and IL12RB1. As stated for STAT3 experiments (A), the cell lysates were subjected to SDS-PAGE followed by Western blotting with antibodies
specific to phospho-STAT4 (pSTAT4) and STAT4. D, corresponding densitometry of the levels of pSTAT4 in IL23Ra and IL23Ra variants obtained from
Western blots of C. The signal of pSTAT4 detected on Western blot was measured as pixels using ImageJ 1.46r (National Institutes of Health) and were
further normalized to levels of total STAT4. Data and S.D. are representative of three independent experiments. Statistical significance calculated by
ANOVA is denoted by the asterisk (*), where p < 0.01 is compared with IL23Re; in addition, R381Q was significantly different from G149R and V362l with

ap <0.01. EV denotes empty vector.
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FIGURE 3. IL23-induced STAT3 phosphorylation is dependent on the
presence of both IL23Ra and IL12RB1 and IL23 cytokine. A, Hela cells
were co-transfected with plasmids carrying either IL12RB1 or IL12RB1
together with IL23Ra. After washing with PBS to remove medium and over-
night growth in serum free medium, transfected cells were incubated with or
without IL23 (15 ng/ml) for 30 min. Cell lysates were subjected to SDS-PAGE
followed by Western blotting with antibodies specific to phospho-STAT3
(pSTAT3) and tubulin. EV denotes empty vector. B, HelLa cells were co-trans-
fected with plasmids carrying IL23Ra or variants and IL12RB1. After washing
with PBS to remove medium and overnight growth in serum free medium,
transfected cells were incubated with or without I1L23 (15 ng/ml) for 30 min.
Cell lysates were subjected to SDS-PAGE followed by Western blotting with
antibodies specific to IL23Ra and IL12RB1.

IL23Re, R381Q, and G149R Variants Perturb Receptor Mat-
uration in HEK293 Cells—Both IL23R and IL12R 31 migrated
as two bands (Fig. 3B), consistent with the persistent presence
of early and mature glycosylated forms of these receptors (39,
40). One possible explanation for reduced activity of IL23R
variants is that they could be defective in maturation. We thus
examined the maturation of all IL23R variant polypeptides in
HEK293 cells. We tested for mature versus early glycosylation
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marks of IL23Ra in stably transfected HEK293 cells. We found
that the low molecular mass signal of IL23Ra was sensitive to
Endo H, which cleaves N-linked glycopeptides, but the high
molecular mass band was Endo H-resistant (Fig. 44). However,
treatment with peptide N-glycosidase and neuraminidase, gly-
cosidases that together hydrolyze all types of glycosides,
removed both the high and low molecular mass bands. These
results suggested that both bands corresponded to glycosylated
species of the IL23Re, but the lower molecular mass form cor-
responded to immature receptor, and the high molecular mass
corresponded to mature receptor.

To investigate whether there are any differences in matura-
tion between the IL23Ra common and disease protective vari-
ants, we performed quantitative Western blotting of cell lysates
from cells that transiently expressed each variant, and we deter-
mined the ratio of mature to immature receptors (Fig. 4, B and
(). R381Q and G149R were reduced in their mature-to-imma-
ture receptor ratio to ~50 and 30%, respectively. In contrast,
the V362I variant showed a similar ratio to the common vari-
ant, although the protein level was much reduced (discussed
further below), requiring that a higher amount of V3621 cDNA
had to be transfected to achieve a similar level of receptor
expression as that of the common variant (Fig. 4B). Thus both
R381Q and G149R displayed impairment in maturation.

IL23Ra R381Q and G149R Show Reduced Surface Expression
and Impairment in ER to Golgi Trafficking—We next asked
whether the impairment in maturation of R381Q and G149R
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FIGURE 4. 1L23Ra-protective variants display different receptor maturation. A, glycosylation states of IL23Ra stably expressed in HEK293 cells. Cell lysates
were treated with Endo H or with peptide N-glycosidase and neuraminidase and resolved by SDS-PAGE and Western blot using antibodies against IL23Ra.
Endo H-resistant receptors are mature in glycosylation, whereas Endo H-sensitive receptor corresponds to immature glycosylated receptor. B, Western blots of
cell lysates from HEK293 transfected with IL23Ra common or protective variants. The amount of cDNA transfected is noted in parentheses. Mature (M IL23Rc)
orimmature IL23Ra (IM IL23Ra) receptors are indicated to the right. Molecular markers are displayed to the left of the blots in kDa. C, the ratio of mature IL23Ra
(M) to immature IL23Ra (/M) was calculated. Data represented are the means *+ S.D. calculated from three independent experiments. Statistical significance-

calculated ANOVA is denoted by the asterisk (*), where p < 0.01.

variants could result in decreased cell surface expression.
IL23Ra common and protective variant surface expression was
quantified by immunofluorescence on HEK293 cells expressing
FLAG-tag IL23Ra. The 3XFLAG sequence was fused to the N
terminus of the IL23R« receptor and its variants as there are no
effective commercial antibodies available. Using antibody
against the FLAG tag, surface- expressed IL23Ra were imaged
by confocal microscopy and quantified by normalizing for total
receptor expression (Fig. 54). We found that relative to the
common variant of IL23Ra, both R381Q and G149R were
reduced in surface expression by ~60 and 30%, respectively,
consistent with the maturation data (Fig. 5B).

Itis generally accepted that immaturely glycosylated forms of
proteins are mostly retained in the ER/cis-Golgi, whereas
mature proteins (both N- and O- glycosylated) are found in
post-Golgi and other compartments (40). We tested for ER
retention of IL23Ra common and protective variants fused to
VYFP (41) (C terminus to receptor) and quantified expression in
the ER using confocal microscopy. Co-localization with ER (ER
retention signal-mRFP) with IL23Ra-vYFP revealed that a frac-
tion of the receptors are retained within the ER (Fig. 5C), and
quantification of ER-retained IL23Ra revealed that variants
R381Q and G149R display higher retention in the ER than the
common variant (Fig. 5D). These findings further confirmed
that R381Q and G149R maturation is impaired in ER-Golgi
trafficking.

The glycosidase tests strongly suggest that ER retention is
reflected in failed completion of glycosylation. It is, however,
also possible that the R381Q and G149R variants also had
immature O-glycosylation. To test for differences in O-glyco-
sylation, HEK293 cells expressing stable IL23Ra and its variants
were treated with BFA, which fuses the ER and Golgi mem-
branes, thereby allowing for the partial redistribution of
enzymes such as O-GlcNAc transferase found in the Golgi
membranes to the ER (42). BFA treatment resulted in interme-
diate molecular weight products that migrated between the
mature and immature IL23Ra receptor, the novel species of
signal named aberrantly glycosylated receptor (Fig. 6). The abil-
ity of all the IL23R« variants showing this aberrantly glycosyl-
ation confirms that these variants are able to undergo O-glyco-
sylation when they interact with the necessary enzymes.
Alternatively, proteins are also retained in the ER when they do
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not pass through the quality check by the ER resident chaper-
ones (43).

IL23Ra G149R Expressing HEK293 Cells Display an Increase
in Unfolded Protein Response—To determine whether the
IL23Ra-protective variants cause disturbances to the homeo-
stasis of the ER, we probed the cell lysates from HEK293 cell
lines stably expressing IL23R« and its variants for accumula-
tion of proteins involved in the unfolded protein response (43).
Expression levels of ErolLa (endoplasmic reticulum oxi-
doreductase «), CCAT/enhancer binding protein homologous
protein (CHOP), PDI (protein disulfide isomerase), BiP, IRE1«
(inositol-requiring enzyme 1 «), and calnexin were analyzed by
Western blotting. Increased levels of ER chaperone immuno-
globulin-binding protein (BiP) was identified in the G149R
variant (Fig. 7A). BiP induction in the absence of CHOP,
which is associated with induction of cell death (43), suggests
that the ER stress induced with the G149R variant is most
likely due to protein misfolding/accumulation of unfolded
polypeptides. To confirm that the viability of cells expressing
IL23Ra-protective variants was not affected, we assayed for
mitochondrial dehydrogenase activity in the IL23Ra com-
mon and protective variants using the MTT assay. The
IL23Ra common and protective variant-expressing cells
exhibited similar levels of cell viability (Fig. 7B). Therefore,
G149R variant is severely affected in receptor maturation,
and its accumulation in ER increases the induction of BiP
without causing cell death (44).

IL23Ra R381Q and V3621 Show Reduction in Stability—The
stability of [L23R« and its variants was assessed by pulse-chase
experiments after cycloheximide inhibition of de novo protein
synthesis and detection of protein at different times by Western
blotting (Fig. 84). There is a reduction in both mature and
immature IL23Ra over time, but R381Q and V3621 degrade
more rapidly (Fig. 8, A and B). IL23Ra had a half-life of ~187
min, and R381Q and V362I had a half-life of 16 and 72 min,
respectively (Fig. 8C). Having measured the turnover of IL23Ra
common and protective variants, we turned to investigating the
de novo synthesis of the receptors. Cells were treated for 4 h
with cycloheximide, during which a large amount of IL23R«
was degraded, after which cycloheximide was removed by
washing the cells with PBS. This was followed by monitoring
the rate of mature and immature IL23R« synthesis at various
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FIGURE 5. Localization of IL23Ra common and protective variants in HEK293 cells. A, confocal microscopy images of cells expressing N-terminal FLAG-
tagged receptors in HEK293 cells. Cells were imaged for vYFP fluorescent protein to show IL23Ra expression levels; Hoeschst (Nuc-Blue, Molecular Probes), to
identify the nucleus and antibody toward FLAG tag, was used to localize IL23Ra. Overlay images (Merge) from Hoechst and anti-FLAG staining is shown to
demonstrate IL23Ra localization. Scale bar, 10 um. B, mean fluorescent intensities from the corresponding confocal images were used to quantify IL23Rq,
which were normalized to the total expression of IL23Ra and its variants using levels of vYFP fluorescent protein as described under “Experimental Procedures.”
Different fields of images were quantified, and S.E. values are n = 3. Statistical significance calculated by ANOVA is denoted by asterisk (*), where p < 0.01
compared with IL23Ra.R381Q was significantly different from G149R and V362I, and G149R is significantly different from V362l with a p < 0.01. C, localization
of IL23Ra variant-vYFP fusions; green, IL23Re; red, ER. Hoeschst staining was used to identify the nucleus, and cell light ER-RFP was used to identify ER. Scale bar,
10 wm. D, ratio of total fluorescence from v-YFP-tagged IL23Ra and ER-localized v-YFP-tagged IL23Ra is calculated as described under “Experimental Proce-
dures.” On average, 10 cells were quantified for each variant, and the S.E. was calculated. Statistical significance calculated by ANOVA is denoted by the asterisk
(*) compared with IL23Ra, where p < 0.05; in addition, R381Q was significantly different from G149R, with a p < 0.05, and G149R was significantly different from

V362I, witha p < 0.01.
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FIGURE 6. BFA treatment of HEK293 cells stably expressing IL23Ra and
variants results in partial O-glycosylation. HEK293 cells expressing IL23Ra
and its variants when exposed to BFA (1 ug/ml) for 5 h is shown. Cell lysates
from two independent experiments were subjected to SDS-PAGE, and West-
ern blotting with antibodies to IL23Ra show that the immature receptors in
both wild type and variants are able to be partially O-glycosylated when the
responsible enzymes found in Golgi are available to them. Arrows indicate the
mature (M IL23Ra) and immature (IM IL23Ra) and the aberrant IL23Ra
(ablL23Ra) that is partially O-glycosylated.

time points by Western blot using anti-IL23R« antibodies (Fig.
9A). Interestingly, the rate of de novo mature receptor synthesis
was markedly reduced for R381Q and G149R variants com-
pared with rates for the common and V362l variants (Fig. 9, A
and B). The rate of synthesis of mature versus immature IL23Ro
receptor was 1:1 for the common and V362I-protective variant,
whereas this ratio was severely reduced for the protective vari-
ants R381Q and G149R (Fig. 9C). These results provide further
evidence that trafficking is affected in the protective variants
R381Q and G149R; hence, there are fewer receptors at the cell
surface. The V362I variant, however, showed a higher turnover
rate than that of the common variant even if the rate of synthe-
sis of mature versus immature receptor was similar for both.
Thus, cells expressing the V3621 variant appeared to have lower
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levels of both mature and immature forms of the receptor. To
assess whether this holds true for endogenous expression of the
common IL23Ra variant, as well as R381Q and V3621 variants,
we used lymphoblastoid cell lines derived from individuals
where these haplotypes were present. Western blotting of cell
lysates from these cell lines revealed that R381Q (homozygote
and heterozygote) and V362l (homozygote) show a reduction
in expression of the receptor at basal levels (Fig. 10). Taken
together, these data demonstrate that both transfected and
endogenous protein expression of IL23Ra-protective variants
leads to a reduced expression relative to the common variant,
suggesting a loss of function for protective variants.

Discussion

Our results suggest that all protective coding variants of
IL23R« result in reduced cell surface expression of mature
receptors due either to reduced stability and or impaired traf-
ficking from ER. In all three cases reduced surface expression
resulted in reduced IL23-mediated signaling. Previous studies
showed that the IL23Ra R381Q variant displayed reduced sig-
naling; however, mechanistic details of loss of activity were not
explored (26 —-28). Our results are consistent with these find-
ings. We now extend this observation to two new coding vari-
ants of IL23Re, all described as protective variants in inflam-
matory bowel disease. Moreover, we provide clear mechanistic
details of loss of activity for the three protective variants, all of
which result in reduced cell surface expression of mature recep-
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FIGURE 7. Unfolded protein response is up-regulated in cells expressing
the IL23Ra G149R variant. A, HEK293 cells stably expressing IL23Ra and its
variants were harvested, and cell lysates were electrophoresed on SDS-
PAGE followed by Western blot. Antibodies specific to ER stress and
unfolded protein response markers indicate that BiP abundance is higher
in IL23Ra G149R compared with the common variant, suggesting that
IL23Ra G149R is retained in the ER. BiP abundance could also be induced
in HEK293 cells expressing IL23Ra when these cells are treated with tuni-
camycin (1 pg/ml) for 5 h. B, the viability of cells expressing IL23Ra vari-
ants is not affected. HEK293 cells stably expressing IL23Ra and variants
were plated in 96-well plate (20,000 cells) in triplicate. The next day the
cells were assayed for levels of mitochondrial dehydrogenase activity by
using MTT (64). Data and error bars represent the S.D. from three indepen-
dent experiments.

tors due either to reduced stability and or impaired trafficking
from ER. In all three cases, reduced surface expression resulted
in reduced IL23-mediated signaling, such that all protective
variants negatively impact IL-23 signaling.

The mutations encoding R381Q, G149R, and V362l are
located in different regions of the IL23Ra receptor structure
close to the transmembrane domain (C terminus of the recep-
tor), extracellular region, and transmembrane domain, respec-
tively. It is expected, therefore, that although the consequences
of the mutations are identical, the mechanisms of reduced
expression are different. We observed that the variants R381Q
and G149R, unlike V3621, displayed a reduction in the mature/
immature receptor ratio, and both R381Q and G149R variants
were reduced in surface expression where signaling via IL23 is
initiated and G149R is impaired in ER to Golgi trafficking. Sim-
ilar observations have been made in other studies with variants
of proteins or receptors that undergo maturation from ER to
Golgi and were affected in their arrival at their destined location
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such as the missense mutation in very low density lipoprotein
receptor, cystic fibrosis transmembrane receptor, and amyloid
precursor protein (APP) (44-50). For instance, the results
obtained here are reminiscent of the triple variant of APP that
displayed impairment in APP maturation and trafficking from
ER-Golgi. As reported for IL23Ra G149R variant, the APP tri-
ple variant also showed an increase in the level of BiP, as it was
retained in the ER as misfolded polypeptide without inducing
cell death. In addition, it was reduced in protein stability (44).
However, unlike the APP triple variant, the IL23Ra G149R var-
iant was not reduced in its stability. In fact, our cycloheximide
studies revealed that the R381Q variant and to a lesser extent
the V362I variant were unstable. The lower levels of expression
of these two receptor variants in endogenously expressing cell
lines further support this notion. In summary, the protective
effect by the variants R381Q and V362l is due to protein insta-
bility leading to lower levels of total receptor expression cou-
pled with a reduction in signaling. The V3621 variant is unique
in that the ratio of mature-to-immature protein levels is com-
parable with that of the common variant. However, the V3621
variant exhibits a reduced half-life and presents with lower
levels of endogenous receptor expression in NIDDK V3621
homozygous cells.

A question that still remains is: Why would the G149R vari-
ant be unfolded in the ER but its stability not affected? A possi-
ble explanation for the observed ER retention of the G149R
variant may reside in the observation that G149R creates a
cleavage site, RX(L/V)X, where X is any amino acid, for PCSK-
SkI-1, a convertase that is found to reside in the trans Golgi (51,
52). It is possible that the G149R variant is translocated to the
Golgi, but the variant receptor may get cleaved at the extracel-
lular domain by the convertases in the Golgi, resulting in an
increase in receptor truncations and degradation.

In summary, the R381Q variant displays a higher turnover
rate resulting in lower levels of receptor expression at the cell
surface. This may be attributed to the fact that residue 381 of
the IL23Ra chain is the fifth amino acid after the transmem-
brane domain. It is generally understood that if residues in this
region are positively charged (positive inside rule), the proteins
do not get translocated but do get inserted into the membrane
(53, 54), and so mutations here may affect membrane protein
insertion. The G149R variant primarily remains in the ER and
does not get translocated to the plasma membrane surface, per-
haps due to changes in its structure and/or due to its being a
substrate for SKI-1 convertase in the Golgi. In the future, it
would be interesting to obtain crystal structures of the [L23Ra
receptor, which may provide some insight into how the R381Q
affects protein insertion. Finally, the V3621 substitution is
located within the transmembrane domain of the receptor. It is
possible that the added bulk of a methyl group to the side chain
at this position may disrupt shape complementarity and, there-
fore, destabilize the interaction between IL23Ra and IL12RB1
receptor transmembrane domains but maintain peptide chain
rigidity due to branching at the 3-carbon as has been shown to
be essential for other transmembrane protein-protein interac-
tions (55). Thus the three protective variants, although found at
distinct regions of the receptor, through different mechanisms
may be expressed at lower levels at the plasma membrane sur-
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FIGURE 8.1L23Ra R381Q and V362l were not stable. A, HEK293 cells stably expressing IL23Ra and IL23Ra variants were treated with cycloheximide (500 um)
for various times. Representative Western blot analysis of the cell lysate is shown here. B, IL23Ra mature (M) and immature (IM) levels over time under
cycloheximide exposure are represented in percentages, which were calculated by taking IL23R« levels at time 0 as 100%. One-phase exponential decay fit of
the data was performed using GraphPad Prism 6.0, and the R? value for the receptors are as follows: IL23Ra M (0.7212), IL23Ra IM (0.654), R381Q M (0.7460),
R381QIM (0.8905), G149R M (0.7655), G149R IM (0.876), V3621 M (0.9559), V362! IM (0.9388). Error values were S.E. where n = 3. C. Half-life of IL23Ra and variants
was calculated by using GraphPad Prism 6.0. Error values were S.D. where n = 3. Statistical significance calculated by ANOVA is denoted by the asterisk (*)
compared with IL23Ra where p < 0.01; in addition, R381Q was significantly different from G149R and V362! with a p < 0.01, and G149R was significantly
different from V362I with a p < 0.01.
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FIGURE 9. The rates of maturation of R381Q and G149R are reduced compared with that of the common variant IL23Ra. A, HEK293 cells stably expressing
IL23Ra and IL23Ra variants were treated with cycloheximide (CLX, 500 um) for 4 h followed by washing off the cycloheximide and incubated for the indicated
time points. Representative Western blot analysis of the cell lysates is presented. B, synthesis of IL23Ra mature (M) and immature (IM) levels over time after
cycloheximide exposure are represented in pixels. Linear regression analysis of the data were used to calculate the rate using GraphPad Prism 6.0, and the R?
value for the receptors are as follows: IL23Ra M (0.8591), IL23Ra IM (0.7436), R381Q M (0.9256), R381Q IM (0.9054), G149R M (0.8357), G149R IM (0.9543), V362I
M (0.8428), V362l IM (0.8117). The error values are S.E. where n = 3. C, ratio of the rate for IL23Ra and variants between their mature and immature receptor
synthesis is represented here. Error values are S.D. where n = 3. Statistical significance calculated by ANOVA is denoted by the asterisk (*) compared with
IL23Ra, where p < 0.01. In addition, R381Q was significantly different from V362I, with a p < 0.01, and G149R was significantly different from V362I, with
ap<0.0T1.
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FIGURE 10. Expression levels of IL23Ra-protective variants are lower in
NIDDK cell lines. Western blotting of cell lysates from NIDDK cell lines shows
the expression of IL23Ra and its variants R381Q and V362| at endogenous
levels using antibodies specific to IL23Ra. IL12RB1 antibody was used for the
loading control. Representative Western blot from three independent exper-
iments is shown, and cells that are homozygous and heterozygous to the
IL23R« allele are described as homo and hetero, respectively.

face, resulting in receptor-mediated signaling and thereby play
a protective role in IBD.

Our results would appear to be consistent with the fact that
antibodies against IL23 hormone itself present a relevant ther-
apeutic strategy for treating IBD (56). We would argue that any
strategy that directly inhibits IL23 receptor signaling could be
of even greater potential therapeutic value. Targeted antago-
nists of IL23 receptor subunit assembly or competitive inhibi-
tors of IL23R could prove superior therapeutics, as unlike I1.23
antibodies, the number of receptors is likely much lower than
that of IL23 hormone, and thus therapeutic levels of IL23R-
acting agents would be lower and more effective. For instance,
compounds that target protein-protein interaction for develop-
ment of therapeutics has been successful in a number of cases
(57, 58). As examples, competitors of [L2-IL2R« and BcL-2/
BcL-xL interactions have been identified using fragment based
approach, and the compounds bind to a groove that locks the
conformation of the protein and prevents its interaction with
its natural partners (57). Alternatively, we have reported an
allosteric peptide inhibitor of IL23R function that, in contrast
to anti-p40 IL23 hormone subunit, selectively inhibits IL-23-
induced inflammation in three in vivo mouse models (59). In
addition, development of structure-specific synthetic antibod-
ies could prove another alternative to developing functionally
antagonistic or competitive inhibitors of IL23R function (60).

Finally our observations that the IL23R appears to be acti-
vated in a similar manner to erythropoietin receptor provides a
mechanistic target for therapeutic development, and the Rluc
PCA we report here or a version based on our latest infrared
fluorescent protein PCA can provide an unambiguous readout
for screening any class of molecules for antagonists of IL23R
receptor function (29, 30, 36, 61). Inhibition of IL-23 signaling
may thus have a positive impact in preventing disease onset.
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